Introduction
Higher levels of spatiotemporal vulnerabilities to climate-related extreme events are becoming a "new normal" in both developing and developed countries. At the same time, there is rapidly growing population, assets and expanding residential/commercial sectors that are susceptible to damages gathering globally consistent information on surface water changes, in particular since 1999. Specifically, DFO utilizes the MODIS (Moderate-resolution Imaging Spectroradiometer) sensors (approximately 250-m pixels) for flood detection and satellite microwave data such as AMSR-E (Advanced Microwave Scanning Radiometer for EOS -Earth Observation System-from Global Change Obser-95 vation Mission-Water (GCOM-W)) for measuring the river discharge in addition to available surface discharge observations. The discharge values and runoff coefficients are then calculated from the Water Balance Model (WBM) embedded with the specific soil type, surface gradient, and permeability, and land use/land cover (LULC) characteristics.
The remote sensing and model outputs are employed to frequently map the potential land surface's 100 inundation extents. Then, an archive flood number is assigned if a) that is unusually "large" compared to the typical annual high water and previously mapped water-land extents, and/or b) if there are large damages caused to structures, extensive land inundation, and fatalities (Brakenridge et al., 2016) .
The dataset covers the land flood events at global scale starting from January 1, 1985 to present (any recent flood event is immediately going to be added to the data archive). Here, we considered 
Aggregating floods on the basis of the latitudinal belts
The flood events are spatially aggregated to five climate zones -mid-latitudes (Northern hemisphere: (2016) . This aggregation along the latitudinal belts will yield more consistency given its relation to the global circulation dynamics, temperature variabilities and precipitation patterns (Gabler et al., 2008) . Fig. 1 represents the schematic of the five climate zones. We also show four countries (USA, 115 China, India, and Thailand) that have high flood frequency.
FIGURE 1
Next, for each latitudinal belt, the total number of flood events per year (calendar year from January 1 to December 31), the duration of these floods and location (name of country) are processed. This procedure is formulated as follows: 
where F C indicates the flood counts (frequency), F D indicates the distribution of flood duration, and F L indicates the distribution of flood location. The superscripts r and t denote the latitudinal belt
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(r= {global, tropics, mid-latitudes (N and S), subtropics (N and S)}), and year (t= {1985, 1986,. . . , 2015}) .
In addition, the number of floods in each latitudinal belt are also categorized in terms of duration. We denote the short duration flood as F t,r CS if the duration is between 1 and 7 days; moderate duration floods as F t,r CM if the duration is between 8 and 21 days; and long duration floods as F t,r CL
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if the duration is greater than 21 days. These categories are also consistent with the DFO's flood classification (Brakenridge, 2010) . The subscripts S, M and L stand for Short, Moderate and Long duration flood event, and the rest of variables appeared here are already introduced in Equation 1-3.
ENSO and NCEP/NCAR reanalysis data
To investigate the association of large-scale ocean-atmospheric signals with the trends in the flood 135 data, 31-year anomalies of El Niño-Southern Oscillation (ENSO) are calculated from the monthly time series of Niño 3.4. These values are originally related to the sea surface temperature of an averaged area bounded in 5 ºS-5 ºN and 170 ºW-120 ºW from HadISST1 dataset (Rayner et al., 2003) .
Furthermore, yearly geopotential height (GPH) and precipitable water content (PWC) are aggregated from the monthly GPH (at 500-mb level) and PWC values from January 1985 to December 2015 re-140 spectively. These data are obtained from the NCEP/NCAR reanalysis database (Kalnay et al., 1996; Kistler et al., 2001 ) with 2.5°×2.5°spatial resolution provided by the Earth System Research Laboratory in Physical Sciences Division of National Oceanic and Atmospheric Administration (NOAA) (https://www.esrl.noaa.gov/psd/). Given that our analysis is at different latitudinal scales, we further aggregated the yearly GPH and PWC data to get a separate time series for global scale and each 145 latitudinal belt (i.e. tropics, subtropics (N), subtropics (S), mid-latitudes (N), and mid-latitudes (S)).
Hypotheses
Most of the global precipitation studies indicate that there is an increase in recent patterns of precipitation and extreme rainfall intensities (Solomon, 2007; Zhou et al., 2013) . Consequently, our goal here is to investigate whether we see a significant trend and noticeable regime shifts in the frequency 150 and duration of floods. The main hypotheses (H1, H2, and H3) and the evaluation procedure are presented in Table 1 . We begin our investigation with H1, the hypothesis that there is no monotonic trend in the annual frequency of the flood events. We test this hypothesis using the Mann-Kendall trend test (Mann, 1945) . With H2, we are exploring whether there is a change in the probability distribution of the flood duration over time. We test this hypothesis by applying the Mann-Kendall trend test on the three resistance moments, median, median absolute deviation, and skewness of the annual distribution of flood duration as well as extreme flood durations. Hypothesis H3 is defined to take into account, the changes in the patterns of flood frequencies for each category, short, moderate and long duration floods. mid-latitudes (N), mid-latitudes (S), subtropics (N) and subtropics (S)) for detection of monotonic trends. The MK test is based on ranks and assumes no underlying probability distribution for the 165 data (Helsel and Hirsch, 1992) . The test statistic is based on the pairwise comparison between the values and is independent of the distribution of the original series. The magnitude of the slope of the trend is estimated using the method of Sen, the median of the pairwise slopes between the elements of the series (Sen, 1968) . Statistical significance is evaluated at a 5% significance level (i.e. the probability of incorrectly rejecting the null hypothesis). Besides, a test for possible regime change 170 in the distribution of F C time series is accomplished through the change-point analysis based on nonparametric Pettitt method, given by Equation B1. Figure 2 presents the F C time series for the global scale and the five latitudinal zones. A LOESS (LOcal regrESSion) curve (shown only if the trend is significant) and the location of change-point is also indicated. The detailed statistics derived from the trend and change-point analyses are given in Table 2.   175   FIGURE 2   TABLE 2 A total of 4311 flood events occurred during last three decades worldwide. The outputs of MK test on the annual frequency of global floods indicate that there is a statistically significant monotonic trend with τ (Kendall correlation coefficient between F C and time) and β (robust Sen Slope) values 180 of 0.26 and 2.12, respectively. A total of 2020 events (out of 4311 flood events) occurred across the tropics. The hypothesis that there is no trend in the frequency of floods in the tropics is also rejected. This is also the case for both subtropics (S) and mid-latitudes (S). The hypothesis that there is no monotonic trend in the annual frequency of flood events could not be rejected for subtopics (N) and mid-latitudes (N). Change-point analysis of these data indicates that for all regions (except 
Addressing H2: Trends in distribution of flood durations
In addition to the frequency of flood events, we attempt to take into account, a set of the "resistant measures" to detect any significant monotonic trend and change-point in the probability distribution of flood duration over the years. This evaluation strategy investigates for the existence of a trend The following four subsections elaborate this further.
Trends in median of flood durations
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From Figure 3 , we can see that there is a monotonic trend in the median of the flood durations at all spatial scales. In Table 3 of flood durations. It is resistant to the influences of outliers (Hampel, 1974) . Contrary to the standard deviation (SD) -which is affected by non-normality of probability distribution and extremely high/low values-the presence of outliers does not change the MAD value (Leys et al., 2013) . MAD is computed as follows: 
Trends in resistant skewness of flood durations
The presence of outliers amongst the variables will generate a large and possibly misleading measure of skewness (Helsel and Hirsch, 1992) . Instead, the resistant skewness is a more robust measure for capturing the asymmetrical/symmetrical properties in the data. It is defined to be as: The resistant skewness of flood durations is calculated using Equation 5 and presented in Figure 5 .
As before, MK trend test and change-point analysis are applied to the time series of resistant skew-240 ness of flood durations. As Table 5 indicates, the pattern of resistant skewness of flood durations has changed before/after the year 2002 across the globe and tropics. Moreover, there is a statistically significant increasing skewness at the global scale, tropics, subtropics (S) and mid-latitudes (S). Considering Figure 5 and Table 5 , it can be seen that the yearly asymmetrical/symmetrical behavior of distribution of flood durations has considerably changed during the recent three decades (approxi-
245
mately from 5 to 8). Conversely, there is no significant trend in the skewness of flood durations in subtropics (N) and mid-latitudes (N). ) is the value in which only 10 percent of entire flood durations in that year had a greater value in the latitudinal belt r and year t. Figure 6 and Table 6 The magnitude of long duration floods has substantially changed over the recent three decades at the global scale, tropics, mid-latitudes (N and S) and subtropics (S), as presented in Table 6 . The null
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hypothesis that there is no monotonic trend in the tails is rejected in all scales, except the sub-tropics (N). Furthermore, we find that the magnitude of the long duration flood events is more than 30 days in the 2000s, whereas they were less than 20 days in the 1980s and 1990s. The output of changepoint analysis suggests that this change in the behavior of the tails occurred in the year 2002 on the global scale, tropics, and mid-latitudes (N).
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The highlights of trend and change-point analysis presented in Figures 3 to 6 and Tables 3 to 6 are outlined below:
• H2: The median of flood durations has increased in all spatial scales. There is also an increasing monotonic trend in MAD of flood duration distributions across the globe, tropics, and subtropics (N). We also see an increase in the resistant skewness of flood duration distributions 270 around the globe, tropics, subtropics (S) and mid-latitudes (S). For the extreme flood durations (i.e., 90 th percentile), we see an increasing trend in all spatial scales (except subtropics (N)) over past three decades.
Addressing H3: Trends in frequency of short, moderate and long duration flood events
Given that we find statistically significant trends in the tails of the distribution (magnitude of the long 275 duration floods), we were interested in exploring whether there would be a trend in the frequency of the long duration floods as well. This conundrum led us to perform the MK test and the changepoint analysis on long duration flood frequency (F CL ) for tropics, subtropics, and mid-latitudes.
In addition, we also performed these tests on short duration flood frequency (F CS ) and moderate duration flood frequency (F CM ). Results are presented in Table 7 . As it can be seen from Table   280 7, there is no monotonic trend in the frequency of short duration flood events occurring across all spatial scales. This indicates that the number of short duration floods has not changed over the last three decades worldwide. However, this phenomenon is not true for moderate and long duration floods. In fact, the frequency of both moderate and long duration floods has increased in the tropics.
These findings are consistent with the results from H2. There is also an increasing trend in moderate 285 duration floods at the subtropics (S) and long duration floods at the mid-latitudes (N). Table 8 shows the outputs of change-point assessment on observed trend in flood durational classes (i.e. Table 7 ).
TABLE 8
In summary:
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• H3: Frequency of moderate and long duration flood classes has changed recently, but remain unchanged for the short duration floods in all the latitudinal belts. The annual frequencies of moderate and long duration flood events have increased across the tropics and mid-latitudes (N) (on the scale of 4 and 2.5 events per year, respectively) over last three decades.
3.4 Country scale vulnerability analysis to short, moderate and long duration flood events 300
Next, we explored the country scale vulnerability to short, moderate and long duration floods. There were 4311 flood events that occurred from 1985 to 2015 around the world. According to Table 2 and Table 7 , globally the total number of short, moderate and long duration flood events were 2508 (≈59%), 1151 (≈27%), and 560 (≈13%), respectively. In addition to specifying the spatial scale by considering the latitudinal belts, we carry out the proportional flood frequencies at the country level 305 for different flood duration classes. First, we excluded any countries which had less than 31 flood events (i.e. a combination of all duration classes) to ensure that we investigate only those counties that have at least one flood pear year. This screening resulted in 28 countries with minimum 31 flood events during last three decades. Then, the fraction of flood frequencies for each country and duration class -short, moderate and long-is calculated. Figure 7 (a) presents these fractions for the 310 28 countries. The size of the circle indicates the total number of events. For instance, the red color circle seen at the low end of the figure is presenting the data for Colombia. The total number of floods for Colombia over the 31 years is 44 events. 66% of these floods are short duration floods, 2% of these are moderate duration floods and 32% (indicated by the value of the color) are long duration floods.
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FIGURE 7
Also shown in Figure 7 (b) are the time series of the long duration floods for India, China, USA, and
Thailand. These are the countries ranked highest for long duration floods. To elaborate on Figure 7 , we address some statistics from top four countries with highest long duration flood frequencies that might not necessary be corresponded to large fractions in short and moderate flood duration classes. In total, 226 flood events occurred across India in which around 43, 32, and 25% of them were short, moderate and long duration events, respectively. In the U.S., short, moderate and long duration flood events account for 66, 26, and 8% of 388 flood events that occurred in last three decades. However, the fraction of long duration flood events is much higher for Thailand (30% of total flood events). In
China, although half of the flood events were from short duration class (i.e., 50%), still 34 and 16%
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of flood events were related to moderate and long duration flood classes. Here, we presented a simple overview of the vulnerability profile for different countries. It can directly help inform and improve the flood warning systems tailored to various types and resource management during post-disaster responses. Furthermore, with increasing globalization, countries are now interdependent through supply chain networks to achieve streamlined production and overall cost reductions. A country 330 level understanding of the exposure to different types of floods can help better predict the vulnerable nodes that might cause a systemic network failure. It can also provide the necessary analysis for pricing and portfolio risk management for agencies that insure and hedge against the flood losses.
Discussion
The trends in frequency and the distribution of the floods (prominent in long duration floods) may be (Brakenridge et al., 2007) . One has to acknowledge, however, that there 345 could be some uncertainties as a result of this since surface may also be interpreted as water in the presence of clouds, cloud shadows, and mountainous terrain (Brakenridge et al., 1998) . Besides, there are more flood warning systems and facilities, transmitting instruments, reporting networks, and communications nowadays at different levels of social and governmental divisions that DFO is using to provide more comprehensive flood information. We also specifically focused on robust
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measures for the trend analysis to remove the effect of any outliers that may be seen in the data. The answer is positive. The frequency of heavy precipitation events has increased at global scales (Groisman et al., 2005; Zhou et al., 2013; Liu and Zipser, 2015) . For example, using daily precipita- , 2006) . Consequently, warmer and wetter atmosphere is likely to intensify the global water cycle that ultimately will result in more frequent and larger flood events.
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The space-time distribution of precipitation regimes is potentially related to the large-scale oceanatmosphere circulations (Portmann et al., 2009; Yu et al., 2016; Najibi et al., 2017) driven by the natural climatic variability (Trenberth et al., 2007; Zappa et al., 2015) . Natural climate variability often causes periods of increasing extremes (flood rich cycle) or decreasing extreme events (flood poor cycle) depending on the phase of the climate (Merz et al., 2014; Hall et al., 2014; Blöschl 380 et al., 2015; Bates, 2016) . In addition to the current conditions, climate models also indicate more drastic changes related to the regional hydrology in the future (Few, 2003; Prein et al., 2016) . For instance, an increased duration of winter precipitation regime is expected across the U.S. Northeast, and Midwest, which ultimately would cause early spring floods as the snowpack simultaneously melts (Meyer and Weigel, 2010) . Conversely, convective thunderstorms with large precipitation in-385 tensity are projected to occur more often during the summer months in the future.
In an effort to investigate any significant relationship between the observed trend in flood data and recent changes in the atmospheric circulation patterns, we initially considered the variability of GPH influences (large-scale ocean-atmospheric interactions as observed from ENSO) or changes in the synoptic scale patterns in the regional atmosphere (as seen from PWC and GPH), or some combination thereof. The corresponding residual time-trend analysis from the models explains whether the long-term natural variability and/or changing regional atmospheric patterns dominates the trends.
The time series (1985 -2015) of F c, F DMedian , and F D90 in each spatial scale where we see a trend 405 is informed by the climate covariates as:
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where a, b 1 , b 2 , b 3 , b 4 are the GLM's coefficients. We then obtain the residuals of the models. The residuals represent the values for F c, F DMedian , and F D90 after adjusting for exogenous variables.
In other words, they reveal the variability beyond what could be caused by the exogenous climate factors. Hence, the analysis of the time trends in the residuals will help to discern any unexplained 415 trend after accounting for the trend due to climate modulation.
The detailed information on the GLMs including the formula, statistically significant coefficients (at 5% significance level), and MK test's outputs on the residuals are shown in Table 9.   TABLE 9 For F c and F D90 , a Poisson distribution is considered as the link function to satisfy the natural 420 distribution of flood data time series. Based on the observed trend in F c, F DMedian , and F D90 , and the GLM outputs, the most important remarks from In summary, we have approached the explanation of trend in an exploratory spirit and formu-440 lated models based on known theoretical arguments. We see that trends in the tropics and southern hemisphere can be largely attributed to ENSO, and the interaction of PWC with GPH is the main explanatory variable for trends in the subtropic (N and S) and mid-latitudes (N). model framework, one can also explore the non-parametric models.
Have the exposures of residential/industrial sectors to flood events increased recently?
The answer is positive. The number of people, residential, industrial properties and assets exposed to the flood events have drastically increased (Bouwer, 2011; Jongman et al., 2012; Kundzewicz et al., 2014) . The type of vulnerability to the flood risk is mostly connected to the country scale develop- southern hemisphere can be largely attributed to ENSO. The interaction of PWC with GPH is the main explanatory variable for trends in the subtropic (N and S) and mid-latitudes (N). We summarize our trend and change-point analyses in Table 10 and present an overall review below.
TABLE 10
• The frequency of flood events has increased; change-points were detected between the years • There is a statistically significant trend in the moments of the flood duration at the global scale, tropics, subtropics, and mid-latitudes; the extreme floods post-2000 is more than 30 days as opposed to less than 20 days in the 1980s and 1990s.
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• The yearly number of moderate and long duration flood occurrences increased (from before to after the 2000s) by a factor of 4 and 2.5 events per year across the tropics and mid-latitudes (N) respectively.
• There was no monotonic trend observed in the frequencies of short duration floods (i.e. flood duration of 1 to 7 days) across all the spatial scales. • The increase in frequency of long duration floods during recent years are related to persistent patterns in hydrologic components, climate teleconnections and atmospheric circulation conditions as reported here and in some climate-informed flood studies (e.g., Lu and Lall (2016), Najibi et al. (2017)).
While this study explores the trends in the frequency and duration of global floods, especially 495 the long duration floods, it is necessary to investigate the cause-effect mechanism of these trends conditional to different space-time scales. Understanding the hierarchical layers of Earth system dynamics connected to the global flood events will provide us with comprehensive information and realization that can be translated to better define the multi-scale flood risk management and damage control strategies.
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Appendix A: Non-parametric trend test
The nonparametric rank-based Mann-Kendall (MK) test is widely applied to detect the monotonic trend (i.e. a gradual change over time with consistency in direction) in climatic or environmental time series (Mann, 1945; Kendall, 1948) . It is an appropriate approach to be employed for that type of variables that exhibit skewness around the general relationship (Helsel and Hirsch, 1992) .
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The MK's null hypothesis (H 0 ) is that there is no monotonic trend (i.e. (Hirsch, 1992) , while a failure to reject H0 does not confirm the lack of trend in time series. In fact, the provided data are not sufficient to conclude that a trend might be existing, bounded to that specified level of confidence (Meals et al., 2011) . The MK test is based on the S statistic as the sum of integers given in the form of the following configuration as:
Sign y q − y p ); where Sign
Also,
where T is the total number of observations, y q and y p are respectively the data values in the time series p and q (p>q). Hence, three cases can be associated with the S value derived from Equation
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A1 (Helsel and Hirsch, 1992) 3. It is an absolute small number: no trend is indicated.
Further, the Kendall's Tau (τ ) nonparametric correlation coefficient and Sen's slope (β) (i.e. rate of consistent change) (Sen, 1968) can be computed as:
where Kendall's Tau (τ ) value is between -1 and +1 (similar to correlation coefficient in linear 525 regression analysis).
Appendix B: Non-parametric change-point test
In addition to the MK test, we also attempt to identify the point of change in the regimes of each time series. To do so, the nonparametric Pettitt method which is essentially based on the MannWhitney U -test is utilized to identify the location of single and significant change-point (i.e. year 
